SPD-2 is a C. elegans centriolar protein required for both centriole duplication and pericentriolar material (PCM) recruitment [1] [2] [3] [4] . SPD-2 is conserved in Drosophila (DSpd-2) and is a component of the fly centriole [5] [6] [7] . The analysis of a P element-induced hypomorphic mutation has shown that DSpd-2 is primarily required for PCM recruitment at the sperm centriole but is dispensable for both centriole duplication and aster formation [5] . Here we show that null mutations carrying early stop codons in the DSpd-2 coding sequence suppress astral microtubule (MT) nucleation in both neuroblasts (NBs) and spermatocytes. These mutations also disrupt proper Miranda localization in dividing NBs, as previously observed in mutants lacking astral MTs [8] [9] [10] . Spermatocyte analysis revealed that DSpd-2 is enriched at both the centrioles and the PCM and is required for the maintenance of cohesion between the two centrioles but not for centriole duplication. We found that DSpd-2 localization at the centrosome requires the wild-type activity of Asl but is independent of the function of D-PLP, Cnn, g-tubulin, DGrip91, and D-TACC. Conversely, DSpd-2 mutants displayed normal centrosomal accumulations of Asl and D-PLP, strongly reduced amounts of Cnn, g-tubulin, and DGrip91, and diffuse localization of D-TACC. These results indicate that DSpd-2 functions in a very early step of the PCM recruitment pathway.
200 aa domain with C. elegans SPD-2 ( Figure 1A ; [5] ). Thus, in agreement with previous studies [5] , hereafter we refer to CG17286 as Drosophila Spd-2 (DSpd-2). DNA sequence analysis revealed that the DSpd-2 z3-5711 and DSpd-2 z3-3316 mutant alleles carry early stop codons that truncate the DSpd-2 protein to a 56 and a 365 aa polypeptide, respectively ( Figure 1A) . Flies homozygous or hemizygous for either DSpd-2 mutant allele were viable and morphologically normal. However, they were sterile in both sexes and showed an unequivocal uncoordinated phenotype; mutant males also showed nonmotile sperm tails ( Figure S1 available online, and data not shown). The uncoordinated phenotype is often associated with defects in the cilia of mechanosensory neurons and has been observed in mutants affecting centriole structure and replication, such as uncoordinated (unc), Drosophila pericentrin-like (d-plp), and DSas-4 [10, [12] [13] [14] , but not in mutants in PCM components such as centrosomin (cnn) [9] .
Subcellular Localization of the DSpd-2 Protein
We raised an antibody against the C-terminal region of DSpd-2 ( Figure 1A ). This antibody recognized a band of the predicted molecular weight in blots from both larval brain and adult testis extracts ( Figure 1B ). Neither this band nor the truncated polypeptides were detected in extracts from mutant animals, even after long exposures. The antibody immunostained the centrosomes of both brain cells and spermatocytes ( Figures 1C and  1D ). In larval brains, the antibody detected the interphase centrosomes as small dots and strongly stained the mitotic centrosomes, suggesting that DSpd-2 is enriched at both the centrioles and the PCM ( Figure 1C) .
To obtain further insight into DSpd-2 localization, we focused on spermatocytes, which contain centrioles that are approximately 10-fold larger than somatic centrioles [15] [16] [17] . Centrioles duplicate early during spermatocyte development and increase in length during spermatocyte growth [12, 15, 16] . In mature spermatocytes, paired centrioles appear as two rods joined at their proximal ends to form a characteristic V-shaped structure. Immunostaining of testes that express the centriole-specific marker YFP-Asl [18] showed that DSpd-2 colocalizes with Asl throughout spermatocyte development ( Figure 1E and data not shown). However, when the centrosomes recruit the PCM and nucleate astral MTs, the DSpd-2 signal increases in intensity at the proximal ends of the paired centrioles, exceeding the Asl signal ( Figure 1E ). In telophase cells, concomitant with a reduction in the length of astral MTs, the Asl and DSpd-2 signals colocalize again ( Figure 1E ). This staining pattern is very similar to that elicited by the Sigma GTU-88 anti-g-tubulin ascites fluid, which stains both the centrioles and the pericentriolar g-tubulin [14] (Figure 1E ). Collectively, our results strongly suggest that DSpd-2 associates with centrioles throughout the cell cycle and becomes part of the PCM during cell division.
DSpd-2 Is Required for Aster Formation in Larval Neuroblasts
To determine the role of DSpd-2 in neuroblast (NB) mitosis, we examined brain preparations from DSpd-2 z3-5711 /Df(3L)st-j7 larvae stained for both tubulin and Cnn. Drosophila brains contain mostly NBs and ganglion mother cells (GMCs). NBs are stem cells that divide asymmetrically, giving rise to another NB and a smaller GMC. Prometaphase and metaphase wildtype NBs display centrosomes and asters of similar sizes at both cell poles (Figure 2A ). However, with progression through anaphase and telophase, the MTs of the basal aster shorten dramatically and those of the apical aster elongate slightly. Concomitantly, the basal centrosome becomes substantially smaller than the apical one ( Figure 2A ; [19, 20] ). The analysis of DSpd-2 mutant NBs revealed that they contain centrosomes that recruit less Cnn than their wild-type counterparts (Figure 2B ; see Supplemental Experimental Procedures for the criteria used for NB identification). Examination of hundreds of cells from several mutant brains revealed that more than 90% of mutant centrosomes were not associated with astral MTs. In the few cases in which mutant centrosomes appeared to have a residual MT-nucleation ability, the astral MTs were extremely short. In addition, mutant metaphase cells (E) Top panels: centrioles from wild-type primary spermatocytes expressing YFP-Asl (green) immunostained for DSpd-2 (red). Bottom panels: centrioles from wild-type primary spermatocytes immunostained with both the GTU-88 anti-gtubulin ascites fluid (green) and the Dspd-2 antibody (red). Note that at prometaphase both DSpd-2 and g-tubulin accumulate at the proximal ends of paired centrioles.
displayed variable numbers of centrosomes, ranging from zero to four (Figures 2B and 2C). We believe that this finding reflects a failure of mutant centrosomes to properly localize at the opposite spindle poles, leading to an abnormal centrosome distribution to the daughter cells. Consistent with previous results [8] [9] [10] , the absence of asters did not substantially affect the asymmetry of NB division, and most DSpd-2 mutant NBs displayed asymmetric cytokinesis ( Figure 2B and Figure S2 ). We also asked whether DSpd-2 mutations affect the mitotic parameters of larval brain cells. In DSpd-2 z3-5711 /Df(3L)st-j7 brains stained for tubulin and DNA, the mitotic index (MI) was higher than in controls (1.4 versus 1.2; see Supplemental Experimental Procedures for MI calculation), indicating a slight increase in the duration of mitosis. In addition, the frequency of anaphases and telophases (relative to all mitotic figures) was lower in mutant brains (23%; n = 433) than in wild-type (37%; n = 412), suggesting a specific increase in the length of prometaphase and/or metaphase. However, chromosome preparations from mutant brains showed only 1.9% hyperploid metaphases (n = 520) versus 1% in wild-type (n = 598), and 2.7% polyploid metaphases versus 0.2% in wild-type, indicating that most mutant NBs successfully complete mitosis.
We next examined DSpd-2 larval NBs expressing the tubulin marker Jupiter [21] . In vivo imaging showed that wild-type NBs display prominent asters (n = 8; Figure 2F and Movie S1), but asters are absent or drastically reduced in mutant NBs. Mutant NBs showed MT nucleation around the chromosomes, followed by progressive spindle focusing (n = 10; Figure 2G and Movie S2). However, despite these problems in spindle assembly, NBs divided asymmetrically. These results are consistent with observations on fixed brains and confirm that DSpd-2 is required for astral MT nucleation.
Astral MTs mediate spindle rotation during NB division. If the spindle does not rotate properly, the cell-fate determinants fail to localize at the poles of the dividing NBs and are not correctly partitioned between the daughter cells [8] [9] [10] 22] . For example, Miranda (Mira) forms a crescent at the basal side of dividing NBs ( Figure 2D ). In wild-type NBs, this crescent remains at the basal pole throughout mitotic division and segregates to the GMC upon completion of cytokinesis. In contrast, in asl, cnn, and DSas-4 NBs, which lack astral MTs, approximately 50% of metaphase figures exhibit Mira mislocalization [8] [9] [10] . Likewise, whereas 96% (n = 48) of wild-type NBs showed a basal Mira crescent, 16% (n = 61) of DSpd-2 mutant NBs showed a diffuse Mira localization and 39% displayed Mira crescents whose midpoint formed an angle > 30
with the spindle axis ( Figures 2D and 2E) . However, only 15% of DSpd-2 mutant telophases (n = 20) showed Mira mislocalization. This phenomenon, named telophase rescue [23] , has been previously observed in inscuteable (insc) and bazooka (baz) mutants [23] [24] [25] as well as in asl and cnn mutant NBs [8, 9] . Collectively, our results indicate that DSpd-2 plays an essential role in NB aster formation and that NBs can assemble a functional spindle in the absence of centrosome-driven MT nucleation. However, a severe reduction of astral MTs results in cell-fate-determinant mislocalization.
DSpd-2 Is Required for Spermatocyte Spindle Formation
We analyzed centrosome assembly and spindle formation in DSpd-2 z3-5711 /Df(3L)st-j7 spermatocytes stained for both tubulin and Cnn. In wild-type primary spermatocytes, Cnn was strongly enriched at the centrosomes, which nucleated prominent asters ( Figure 3A) . In contrast, mutant spermatocytes showed tiny Cnn signals associated with a variable number of centrosomes ( Figure 3B ). In late-prophase spermatocytes, the number of centrosomes per cell ranged from zero to eight ( Figure 3C ). Importantly, mutant centrosomes did not appear to have MT-nucleating ability, because 95% of mutant prometaphases (n = 480) were devoid of asters whereas the remaining 5% displayed extremely reduced asters. Nonetheless, mutant spermatocytes were able to assemble anastral spindles from MTs nucleated around the chromosomes, to undergo anaphase and telophase, and to form regular central spindles and contractile rings. However, most mutant telophases displayed unequal chromosome segregation and/or multiple nuclei at one or both cell poles ( Figure 3B ). Collectively, these results indicate that the abnormalities seen in DSpd-2 spermatocytes are identical to those previously observed in meiotic cells of asl males [26] .
We then imaged living spermatocytes expressing EGFPtagged b-tubulin. Wild-type spermatocytes (n = 8) displayed prominent asters and underwent anaphase approximately 10 min after nuclear-envelope disassembly ( Figure 3D ). In contrast, in DSpd-2 z3-5711 /Df(3L)st-j7 spermatocytes (n = 8), asters were either absent or extremely reduced, and the time elapsed between nuclear-envelope breakdown and anaphase onset was always longer than 25 min ( Figure 3D ). However, mutant cells managed to form a central spindle comparable to that seen in wild-type cells ( Figure 3E ). These observations are consistent with those on fixed material; they clearly show that the centrosomes of DSpd-2 mutants are unable to nucleate astral MTs. We next analyzed centriole structure in DSpd-2 primary spermatocytes that express the centriole-specific marker YFP-Asl [18] . Examination of cysts in late prophase showed that mutant and wild-type centrioles have comparable lengths. However, whereas wild-type spermatocytes contained two pairs of centrioles, mutant spermatocytes were associated with a variable number of centrioles ranging from zero to 15 ( Figure S3) . Nonetheless, the average number of centrioles per spermatocyte observed in mutants (3.4; in eight cysts) and wild-type (4.0; in seven cysts) testes were similar. Finally, in mutant cysts, 11% of centrioles (n = 437) were unpaired and appeared as single barrels and not as V-shaped structures. These results indicate that DSpd-2 is not required for centriole elongation during spermatocyte growth but is necessary to maintain centriole cohesion within each pair. Our findings also suggest that DSpd-2 is not strictly required for centriole duplication. The variable number of centrioles in mutant spermatocytes can be attributed to errors in gonial divisions leading to daughter cells with either two or no centrosomes. However, the presence of spermatocytes containing a single unduplicated centriole ( Figure S3 ) raises the possibility that unpaired centrioles replicate less efficiently than those that are regularly paired.
DSpd-2 Acts Early in the Centrosome Assembly Pathway
To determine the role of DSpd-2 in centrosome assembly, we first examined DSpd-2 localization in brains from mutants with defective centrosomes. As expected, DSpd-2 showed a diffuse staining in DSas-4 mutant brain cells (data not shown), which do not contain centrioles [10] . A diffuse staining was also found in asl mutant brain cells ( Figure 4A ), which do contain (defective) centrioles [18] . However, we found normal DSpd-2 signals in brain cells from mutants in the d-plp gene ( Figure 4A ), which specifies a centriolar protein essential for ciliogenesis but with a minor role in PCM recruitment [14] . DSpd-2 showed a normal centrosomal localization also in mutants in the g-tubulin 23C, dd4 (Dgrip91), and d-tacc genes ( Figure 4A ), which encode components of the PCM [27] [28] [29] . We then examined the localization of centrosomal proteins in DSpd-2 mutant brain cells. The Asl (YFP-Asl) and D-PLP proteins were normally associated with the centrioles of DSpd-2 mutant cells ( Figure 4B and data not shown). However, the centrosomes of the same cells showed substantially reduced concentrations of Cnn ( Figure 2B ), g-tubulin, Dd4/Dgrip91, and D-TACC ( Figure 4B ). These results on brain cells are strongly supported by similar findings obtained with spermatocytes ( Figure S4) . Together, our studies indicate that in the centrosome assembly pathway, DSpd-2 acts downstream of Asl but upstream of Cnn, g-tubulin, Dd4/Dgrip91, and D-TACC. that move to the opposite cell poles (frames 0 and 8) and that undergo anaphase (frame 36) 10 min after nuclear-envelope breakdown (NEB). In mutant spermatocytes, asters are not detectable (all frames), spindle MTs grow around the chromatin (frame 22), and anaphase is delayed; the cell shown is still in a prometaphase-like stage 24 min after NEB (frame 36). (E) Frames from Movies S5 and S6, showing cells undergoing anaphase (frames 0) and telophase. The wild-type cell exhibits a prominent central spindle, which is pinched in the middle at telophase (frames 19-34) . Despite the absence of asters, the DSpd-2 cell assembles a morphologically normal central spindle (frames 8-28). Scale bars represent 10 mm.
The Role of DSpd-2 in Centrosome Function
We have found that DSpd-2 mutant flies display an uncoordinated phenotype, and that their centrosomes are unable to mediate aster formation in both NBs and spermatocytes. In addition, we have shown that mutant NBs contain variable numbers of centrosomes and exhibit frequent Mira mislocalization. These phenotypic traits were not observed in flies bearing the P element-induced mutation DSpd-2 G20143 , leading to the conclusion that DSpd-2 is mostly required for the recruitment of PCM to the sperm centriole [5] . Our results suggest that the DSpd-2 G20143 mutation is not functionally null. Although the DSpd-2 protein is not detectable in western blots from DSpd-2 G20143 mutant flies [5] , it is likely that these animals express very low levels of wild-type protein that are sufficient to support astral MT nucleation.
Our results indicate that DSpd-2 associates with the centrioles throughout the cell cycle but is not directly required for centriole duplication. During cell division, DSpd-2 also accumulates around the centrioles, mediating the recruitment of additional PCM components such as g-tubulin and Cnn. This latter result is consistent with earlier studies in C. elegans [1, 2] and recent work showing that Cep192, the human homolog of Spd-2, is required for PCM recruitment and aster formation [30] . However, the precise role of DSpd-2 in aster formation is unclear. Although the centrosomes of DSpd-2 mutants contain residual amounts of Cnn and g-tubulin, they are unable to form asters. This finding suggests that in addition to its role in PCM recruitment, the DSpd-2 protein might play a direct role in either astral MT nucleation or stabilization.
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Detailed Experimental Procedures, four figures, and six movies are available at http://www.current-biology.com/cgi/content/full/18/4/303/DC1/.
